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Carbon-doped Mn-Si films prepared by magnetron sputtering at elevated substrate temperatures exhibit
ferromagnetic order for compositions around 48iC, (x>0) in contrast to the antiferromagnetic ¥8i;
compound. In these sputtered samples the carbon concentration can be strongly enhanced compared to sintered
powder samples. The local structural order around the Mn site igSM@, films was investigated fox=0
and 0.75 by x-ray-absorption spectroscopy at different temperafurég low T, both films retain their
hexagonal structure and do not exhibit the orthorhombic distortion observed for byRijMrowder. For the
carbon-doped film a local distortion of the octahedra formed by six Mn atoms of th8ilstructure is found
when surroundig a C atom. This indicates an anisotropic change of the atomic Mn environment by C, in
contrast to a simple lattice expansion as inferred from previous structural analysis.
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I. INTRODUCTION resonance measurements and band-structure calcul&titns.
Furthermore, the appearance of ferromagnetic hysteresis

Manganese compounds exhibit a number of propertiesurves at temperatures well above room temperature was re-
which are of fundamental and/or technological interest, suciorted for annealed Mn/C/Si triple layefsand C/Mn/C/Si
as the quantum-critical behavior of Mn§Ref. 1) or the multilayers'® However, in these samples the crystallographic
colossal magnetoresistance of ;LaSr,Mn0O,.2 Although  Structure of the ferromagnetic phase is unclear.
many intermetallic compounds of Mn and Si or Ge exhibit N this paper we will focus on the preparation and struc-
antiferromagnetic or ferrimagnetic order, it has been showfural properties of Mn-Si-C films deposited by magnetron

earlier that carbon-doped M8i,C, shows ferromagnetic be- sputtering with various C concentrations. In this .respect the
havior with a maximum Curie temperatufie.= 152 K for magnetic data such as and the average magnetic moment

x=0.22 in contrast to antiferromagnetic M8is.® The unit per Mn atom reported earlier will only serve as parameters
' . s characterizing the magnetic properties. We demonstrate that
cell of the hexagonal MyBi; structure (space group

) - the MnSi;C, phase is formed in a restricted range of sub-
P63’”?°m) contains four '\"F‘?“O”‘S at position 4) _(1/3’2/ strate temperatures and that films with a composition around
3,0), six Mn;, atoms at position &) (Yun,0,1/4) withyyn,

2 ) \ Mn;sSi;Cy 75 exhibit the highest Curie temperature. This sug-
=0.2358, ag‘f six Si atoms at positiong((ys;0,1/4) with  gegis that this phase is likely to occur also in the aforemen-
ysi=0.5991" For the carbon-doped samples previous structioned annealed Mn/C/Si triple layers and C/Mn/C/Si multi-
tural analysis suggests that the carbon is incorporated int@yers. In addition, the local atomic structure around the Mn
the interstitial voids at position B (0,0,0 of the Mn, oc-  site was studied by x-ray-absorption spectroscop4S) at
tahedra upd a C concentration~0.22° Such phases with the MnK edge to obtain further information of the effect of
filled D8g structure are usually denoted as “Nowotny carbon doping on the Mn valency and on the local atomic
phases.?>® The binding of impurity atoms such as C, N, Mn environment.

and O into the octahedral cavities of the Mis-type struc-

ture has been established for several different compounds Il. EXPERIMENT

and is still a topic of recent research in physical chemfstry.

However, the magnetic properties of such carbon-doped Mn-Si-C films were prepared by simultaneous dc- and
compounds have not been widely studied so far. In this retf-magnetron sputtering from elemental targets of Mn
spect it is remarkable that the saturation of carbon uptake i£99.99% purity, Si (99.999% purity, and C(99.9% purity
MnsSisC, can be enhanced up to=1 by magnetron sput- in & high-vacuum systertbase pressure>610~ " mbar) un-
tering of films from elemental targefsThe magnetic prop- der argon atmospherep{=5X10"° mbar) on single-
erties of these films have been investigated previously by therystalline Si(001) or Al,O5 (1102) substrates at different
magneto-optic Kerr effect and magnetométhyA maximum  substrate temperaturégs. The typical film thickness was
Tc=350 K was obtained for a substrate temperatliee 100 nm except for XAS, where films of 220 nm thickness
=470°C. The enhancement @iz by carbon doping was were measured. In addition, a iBi; powder sample was
also demonstrated for isostructural MBe; films® Because prepared for comparison with the XAS data of the films. This
of the complication of structurally inequivalent Mn sites with sample was obtained by annealing a pellet of mixed powder
different Mn neighbor arrangements, different local magnetidn a quartz tube under argon atmosphere for 184 h at
moments were deduced from broadband nuclear-magneti®00 °C* The reacted MgSi; powder was finally pressed to
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a pellet together with polyethylene powder. Film homogene- Te (K)
ity, i.e., the composition profile along the growth direction, 0.01.0 M 320- 360
was checked by means of Auger sputter depth profiling in a I 300- 320

separate ultrahigh vacuum systéinFor this purpose, the [ 200 - 300
film was sputter etched by a focused 1-keVAon beam of
3 mm diameter. During sputtering, Auger spectra were con-
tinuously recorded using a 3-keV electron beam=@f.1 mm
diameter for excitation. Concentration profiles were obtained r3
by plotting the respective Auger peak-to-peak heights $ o
(dN/dE) of Mn (589 eV), Si (92 eV), and C(272 e\) vs >
sputtering time, i.e., vs sputter etched depth.

The samples were magnetically characterized by means of
the transverse magneto-optical Kerr effect for temperatures

T=2-400 K as described earlief. The Curie temperature (VAN A AN i TR VAVAVACACAN L
was determined from an extrapolation of the magnetization 0.0 0.2 0.4 0.6 0.8 1.0
M(T) to M(Tc) =0 measured in a weak magnetic field of 5 Mn concentration

mT.

) ) ) o FIG. 1. Curie temperature of Mn-Si-C alloy films in dependence
X-ray dlﬁragtlon was done' with CKK,, radiation in @  of the concentration in atomic percent. Gray scale indicates the
0/26 powder diffractometer with Bragg-Brentano focusing, magnitude of T.. Dashed line marks the composition of

which only provides information about the lattice plane dis-mn.Si,C, .
tances along the normal of the film, i.e., along the growth
direction. Some films have also been measuret=a5 K
using a liquid-He flow cryostat.

XAS data at the MrK edge were taken in fluorescence
mode at HASYLAB, beam line Al. The synchrotron radia-
tion was monochromatized using two channel-cut(Hil)

mation of a nearly single-phase material, see below. Figure 1

shows the Curie temperature for a number of Mn-Si-C films

with different compositions. Obviously, the highégt val-

ues are obtained for compositions along thes;BigC, line.

crystals operated either in the four-crystal mode for highIn partlcular, samples W|tle0.75 haveTc=352 K and 7a
maximum average magnetic moment ofu}l/Mn atom!

resolution in the near-edge regiod E=0.5 eV) or in the S : .

two-crystal mode in the extended XAS region beyond theThIS "Fd'cates that the MSi5Co.75 films are th_e most _stable
. = ones in terms of magnetic order. The electrical resistance

absorption edge AE=15 eV). The monochromator was of these films shows a linear temperature dependence above

slightly detuned to 70% or 50% maximum intensity, respec- P P

. ) : . . ~50 K with dp/dT>0 characteristic for metallic behavior
tively, to reject higher harmonic reflections. Mn fluorescence ith, however, a high residual resistivigy,=250 x{ cm

radiation was measured with a Ge detector oriented at anglé;gnd a resistance ratiBa. /R~ 18 see Fid. 2. Films
of 90° and 45 ° with respect to the incoming beam and the ith x>1 have a m cﬁOI%IF EI}OI'g;St: ',t res ?ﬁat;l due to
sample surface, respectively. Background radiation, in parWI X v u 9 IStivity presu y cu

ticular Fe fluorescence, was minimized by electronic dis—the larger number of defects caused by a doping level much

crimination. Sample cooling was obtanined by a quuid-Hehigher than the optimum doping level. In addition, they ex-

flow cryostat operating at temperatures 5-300 K. XAS wai'ibit a minimum around 40 K and an upturn in resistivity
done in two different energy regimes, i.e., in the near-edg owards lower temperatures,_characterlstlc for strongly disor-
region to provide information about the influence of carbondere‘j metals su_ch as mgtalllc glgsses. .

on the Mn valence state and in the region of extended x-ray- In order to gain more mformanon on alloy fo_rmatlo.n, the
absorption fine structur€EXAFS) to investigate the local role of the sub_strate material was als_,o stu@ed. Figure 3
atomic order around the Mn atoms. The energy scale of ev2"0Ws the Curie temperature Us for films with x=1.5
ery spectrum was calibrated by the spectrum ofain foil ~ deposited on Sj001) or Al,O; (1102) substrates. From this
measured simultaneously, withkaedge atE,=6537.7 ev  Plot an optimumTs=470°C is obtained wheréc is maxi-

as determined from the inflection poifibot of second de- Mum. Films deposited at highdis have a highefTc when
rivative). Further XAS data analysis was done by means of

the computer programvinxas.t® 1400 ———

1 1 1
i MnsSi;C ]
IIl. RESULTS AND DISCUSSION 1000222 ’
E =
A. Film preparation g | x=1.5 .
Previous investigations on vapor deposited Mn-Si-C films e 600 -
of unknown composition have shown that the occurrence of - OV,,._.-——-_
magnetic hysteresis curves above room temperature is corre- o= 1+
lated with the presence of the MBi; phasé® Therefore, Mn- 0 100 T 200 300
Si-C films with various compositions around the stoichio-
metric Mn;Si; compound were preparedBt=470 °C. This FIG. 2. Resistivityp vs temperaturd for MngSi;C, films with

substrate temperature was found to be optimum for the fordifferent compositiorx, sputtered af =470 °C.
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0lg— L ¢ en L L l L FIG. 5. Auger depth profile of a MySi; film deposited on a
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(1102) sapphire substrate @t=470°C.
Ts (°C)

FIG. 3. Curie temperaturgc of MnsSi;C, s films deposited on  from the composition ratio Mn:Si:€47:38:15(at. %) esti-
Si (circles or sapphirgtriangles at different substrate temperatures mated from the averaged Auger intensities by taking elemen-
Ts. tal Auger sensitivity factors into account, which differs only
slightly from the nominal deposited composition 53:32:15.
sputtered on sapphire compared to films sputtered on silicopowever, films with a smaller carbon content are severely
substrates, whereas fdfs<470°C the type of substrate enriched with silicon. In addition, a Mn depleted interface
seems to be irrelevant. The precipitous droplgffor films  region of almost half the film thickness is formed. The fact
deposited on S{00J) is due to a strong interdiffusion be- that the width of this interface decreases with increasing
tween film and substrate. This can be inferred from the Auindicates that the My8i;C, alloy formed at elevated tem-
ger depth profiles of Mn, Si, and C shown in Fig. 4 for films peratures is more stable with a lower Gibbs free energy of
prepared aifs=470°C. Note that the nominal Mn/Si ratio formation compared to the parent ¥8i; compound. This
given by the sputtering rates is the same for all films. ¥or could be due to a larger contribution of reaction entropy for
=1.5, the film is only slightly enriched with Si as deducedthe carbon-doped sample. The interdiffusion is not observed
for Mn;Sis films deposited on sapphire substrates. These lat-
T e ] ter samples show a constant concentration over the whole
(001) r @) film thickness and an instant decrease of the Si and Mn sig-
nal when the film/substrate boundary is reached, see Fig. 5.
Hence, all films discussed in the following were deposited on

sapphire (102) substrates.

—
MnsSisCy 5/ Si

B. X-ray diffraction

Figure 8a) shows x-ray diffractograms for films depos-
ited at differentTs. At Ts=470°C the main characteristic
reflections of the MgSi; structure are observed. Minor
Bragg reflections are not seen due to the small amount of
polycrystalline material. However, an earlier high-resolution
x-ray-diffraction study on a MgBi;C, 5 powder sampléob-
tained by sputtering several 1000-nm thick films on NacCl
substrates which were subsequently dissolved in waber
hibited the whole set of Bragg reflections expected for the
MnsSi; structure’ The differences in the relative height of
the reflections compared to the data of the randomly oriented
MnsSi; powder indicate a prominent texture of the sputtered
films along the growth direction, which is preferentially the
hexagonalc axis. In Fig. &a) the diffractogram of a film
deposited at lowelTg shows only a strongly broadened

Auger intensity (arb. units)

R e maximum around 2=43°, characteristic for the existence
. N ] of an amorphous phase. Ats=570°C, i.e., much higher
0 50 100 150 200 250 than the optimumTg, crystallographic phases other than

sputtering time (min) MnsSi; are formed. For this sample the Curie temperature is

FIG. 4. Auger depth profiles of films with nominal M&i;C,  already reduced to below room temperature, see Fig. 3.
composition deposited on $001) substrates &t =470 °C. Solid The effect of carbon concentrationon the structure of
lines mark the average concentration in the film. Dashed lines indiMnsSisC, films deposited affs=470°C is shown in Fig.
cate the region of strong interdiffusion between film and substrate6(b). Forx=0, a strong texture is observed as already men-
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(b} X
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nTvENwN WY PY W ”» . FIG. 7. Unit-cell volume vs carbon concentratinmf sputtered

MnsSi;C, films (solid squares and sintered MgSi;C, powder
samples after Ref. Bopen triangles Dashed lines indicate the re-
spective saturation values.

netic momentu/Mn-atom which strongly decreases far
>1 with increasingx.” Therefore, from x-ray-diffraction
analysisTs=470°C and a carbon content o<1 are

Intensity (arb. units)

of nearly single-phase M®i;C, films. In particular,
Mn;sSi;Cy 75 films are the most stable ones in terms of mag-
netic order.

C. X-ray-absorption spectroscopy
FIG. 6. 6/26 x-ray diffractograms foa) MnsSi;C, 5 films pre-

ared at differentTg and (b) MnsSi;C, films prepared atT . ) ; . . .
14700C_ Symbolssindicat(e) reflections. due t(? h%iu (closesd yield, normalized to the intensity well above the discontinu-

circles and MnSi(open triangles Dashed lines indicate reflections Y VS photon energye. The preedge aa, originating from
due to the MgSisC, Nowotny phase. Horizontal bars i) mark electronic transitions from theslcore level into thel states

found as optimum preparation parameters for the formation

Figure 8 shows the x-ray absorption, i.e., fluorescence

the intensities expected for a random oriented powder sample.  Of the conduction band, is preserved for all samples in agree-

ment with previous near-edge data of several Mn
compounds! Although these transitions are forbidden by
dipole selection rules, the states are accessible dseptd
hybridization. A mixing of the of-like andd-like states was

tioned, which decreases with increasirgas can be seen
from the relative intensity of th€é0002 reflection. The data
clearly show that the MyBi; structure is stable up ta
=1.1. The reflections shift to lower angles indicating an in-
crease of the lattice parameters with increasing

The unit-cell volume estimated from the lattice constants
is plotted in Fig. 7 vs concentrationfor films sputtered at
Ts=470°C. The lattice constants were obtained by a least-
squares fit of the MgBi; structure to the measured lattice-
plane distancesa=6.907 A, c=4.800 A for Mn;Si;; a
=6.939 A, c=4.831 A for Mn;Si;Cy 5. Also shown are
data obtained from earlier measurements on sintered
MnsSisC, powder sampled.The unit-cell volume of the
films increases roughly linearly up to=1 and eventually I ]
saturates in contrast to the sintered powder samples, which 0.0 la -
exhibit a saturation of the unit-cell volume already »at : L : L : L :
=0.22. Presumably, for films with~1 all octahedral voids 6530 6540 6550 6560 8570
are filled by carbon atoms leading to a saturation. Energy (V)

Figure Gb) shows that forx=1.5 the amount of the FIG. 8. X-ray-absorption spectra near the Mredge of MaSi;
MnsSi; phase decreases as inferred from the gradual disapgashed-dotted cury@nd MnSisC, ;5 (solid curve films sputtered
pearance of the My®i; reflections and the appearance of on sapphire. Dashed curve shows the spectrum af-dn foil for
additional reflections originating from other crystalline reference. Features labeledand A indicate the preedge &,
phases, for instance, pure Mn, SiC, andg8BC. Thisisin  =6537.7 eV and the main edgeBt=6543.7 eV for MRSi;C, as
agreement with the concentration dependence of the magetermined from the inflection points.

121 Mn_Si.C film\

5737075

1.0
038
0.6

04

Normalized Absomtion

0.2

174423-4



PREPARATION AND STRUCTURAL CHARACTERIZATION . .. PHYSICAL REVIEW B58, 174423 (2003

also derived from calculations of the partial local densities of 15— . . .

electron statel” The main absorption edge Atis different /M"ssfxco-vsﬁ'"‘

for the films compared to pure Mn as expected due to the £ %ﬁm /,Mn5Sl3ﬁIm

different electronic structure. This edge is caused by transi- B 10l P

tions from the & state into the continuum gflike states in § \ Mn,Si. powder

the conduction band. However, the important point is that for < i

the MnsSi;C, films the edge position &,=6543.7 eV does 8

not change by carbon incorporation. g 05r ]
In an ionic picture applied to My®i;, charge balance re- 2

quires the presence of four §n, six Mni*, and six St~ ] T=5K

ions in each unit cell resulting in an average Mn valence of 0.0 o, . ' '

+2.4/Mn. The incorporation of C into the voids of the f{in 6500 6750 7000 7250

Energy (eV)

octahedra could induce a charge transfer from; Mo C,
assuming that C is electronegative. This would cause the F|G. 9. Normalized x-ray absorption vs photon eneEat T
presence of two Mﬁ'fr and four Mrﬁ+ ions surrounding each =5 K for the investigated samples. Data are successively shifted
C “*ion in MngSi;C, and could lead to a double exchange upward by 0.1 for clarity. Dashed lines show the polynomial splines
stabilizing ferromagnetic order similar to the colossal mag-used to extract the EXAFS oscillations.
netoresistance alloysA change of the average Mn valence
from +2.4/Mn to + 2.7/Mn forx=0.75 would give rise to a the fluorescence intensitfE) prior to further data process-
chemical shift of the absorption edge. XAS on various maning. The normalized intensityy(E)exp=[1(E)—1o(E)]1/
ganese compounds of different structures and Mn valencd o(E) —Iad(E)] was obtained by substraction of the
have been reported earl®r*° In general, with increasing Ppreedge background,,.<E and normalization tol, far
oxidation state of Mn théK edge shifts by about 3-5 eV/ above the edge. Figure 9 shows the normalized absorption
valence to higher energies. For the §nC, - films an av-  data of the samples vs photon energy The energy was
erage valence change of 0.3 would shift the Mredge by converted into the wave vector of the photoelectron by
0.9-1.5 eV, which should be easily observable in the spectr&(A ') =0.512 31/E(eV) - E, with a threshold energ¥,
From the fact that such a shift it observed we conclude =6543 eV. The residual background was approximated by a
that a change of the Mn valence by the incorporation of C incubic-spline fit and subtracted to obtain the EXAFS oscilla-
MnsSi;C, films does not occur. This rules out a double ex-tions xey(K). In order to compare the absolute EXAFS sig-
change to be responsible for the stabilization of ferromagnal of the films with the signal of the powder reference
netic order. Similar reasoning has also been given fosample the correction of self-absorption effects turned out to
MnsGe,C, films? be important. Eventually, we obtain the true EXAFS oscilla-
Before turning to the temperature dependence of the EXton x(K) = xex(K)/(1—S) whereSdepends on the absolute
AFS data we briefly summarize the structural properties ofibsorption of the fluorescing atoms, the film thickness, the
the antiferromagnetic MyBi; compound which have been x-ray incidence angle, and the angle between sample and
studied intensively by x-ray and neutron diffract@nX-ray  detecto?’ Theoretically, the EXAFS oscillations resulting
diffraction on a single crystal provided evidence that thefrom all scattering pathgfrom the absorber atom are given
transition to an antiferromagnetically ordered antiferromagby20’24
netic AF2 phase at the & point Ty=100 K is accompa-
nied by a small orthorhombic distortion of the hexagonal unit N. S2
iSoF —2R;
cell normally observed at room temperature. A second mag- x(k)=>, ;SWZKRJ,JF 5,-)exr< J)
netic transition to a low-temperature AF1 phase occurs at 66 j kRJ-2 A
K which is associated with a change of ta@andb axes and
a discontinuity of thec axis??> These magnetic transitions
have also been observed in specific-heat measurerfieits.
is nota priori clear whether or not such a structural phasewhere the presence of higher-order cumulants has been ne-
transition takes place in the M8i;C, films. For the present glected (N, coordination numberS, amplitude reduction
films the investigation of a possible structural phase transifactor; F(k), backscattering amplitudeR, distance;d(k),
tion by x-ray diffraction is hampered by the small intensitiesphase;\, photoelectron mean free path; disorder param-
of the polycrystalline material and by the minor effects of theetep. The last term in Eq(1) represents the Debye-Waller
distortion on a small number of reflections. In this respectfactor which takes thermal effects into account.
EXAFS measurements can provide additional information Figure 10 showsy(k)k® for the three samples &f
about the local atomic order around the absorbing Mn=5 K. Apart from differences in the range>10 A1 the
atom?° spectra of the films show a similar behavior compared to the
For this purpose, multiple EXAFS scans were taken apowder sample which confirms the presence of the$iin
temperature§ =5 K, 82 K, and 150 K in the energy range phase in the films as already deduced from x-ray diffraction.
6400-7500 eV. The scans were averaged and singuldn order to analyze the local atomic order in more detail the
glitches from the monochromator were removed to obtairEXAFS data were Fourier transformed by application of a

X exp(—2k?0?), 1)

174423-5



C. SUIRGERSet al. PHYSICAL REVIEW B 68, 174423(2003

40 T T T T T T 10
30 | MnSIC, . film T=5K | . Mnsi fim
& W\/\/W\MW g
22 or Mn_Si, film | 5
> ol =
=
=0t
20+ J
30 MnSSiQ powder ) MnSSIaCqu film
_40 1 1 1 1 1 1 >
2 4 6 8 10 12 14 N
k(A" =
FIG. 10. EXAFS oscillationsy(k)k® at T=5 K. Data are ver- €
tically shifted by 20 A 2 with respect to each other for clarity.
Bessel window. In general, the Fourier transfdiFt) allows 0 . . . . . .
a separation of the different configuration shells vs distance 2 4 6 8 10 12 14
R from the absorbing atom. KA
Figure 11 shows the magnitudleT(R)| of the Mn;Si;C,
Samp]es at various temperatur@s All datasets exhibit a FIG. 12. First-shell filtered data obtained by back transformation

broad peak located at 2—3 A which arises from the first co®f [FT(R)| (Fig. 1D in the range 1.6 AR<3.2 A. Dots indicate
ordination shells around the Nand Mn, center atoms, fol- measured data far=5 K, solid lines are the calculated oscillations
lowed by smaller peaks due to higher coordination shellstSIN9FEFF6cOde, see text.

The latter are not due to noise because these peaks remain ) ) )

even after applying various filter procedures on f&)k®  Creasing temperature, in particular for a distaRtketween
data before performing the Fourier transform. The data of the A and 4 A. Moreover, the height of the first-shell peak

MnsSi; powder reference sample clearly change with dechanges irregularly witfi. This is interpreted as being due to
the two structural phase transitions occurring at 100 K and

0s . . 66 K as mentioned above. In contrast, data taken on the
MnSLC,,, fim MnsSisC, films show a very similar behavior for all which
seems to be independent of carbon content, cf. films with
=0 and 0.75 in Fig(11). This strongly suggests that both
films do not exhibit an orthorhombic distortion—not even
the undoped MgSi; film—in contrast to the bulk MgSis
powder sample. The lack of such a phase transition in the
films could be due to an impeding influence of the sapphire
03 ; ; substrate.
NS, fim In order to investigate the role of carbon on the local
structure in MSi;C, a comparison of the experimental data
with a calculation of the EXFAS by aab initio multiple
scattering approach would be highly useéttiUnfortunately,
a reliable result for the whole range of distances uRto
. . =6 A could not be obtained due to the large number of
03 different atom sites and therefore scattering paths which re-
Mn,S), powder sults in a large number of free parameters. However, a cal-
culation was performed by restriction to the first coordina-
tion shell, thereby reducing the number of free parameters.
For this purpose, first-shell filtereg(k)k® data of the films
were obtained by back transformation &FT(R)| for the
lowest temperatur@ =5 K in the rangeR=1.6-3.2 A, see
Fig. 12. The parameters of the theoretical EXAFS signal ob-
tained fromreFrs code€® were refined by application of Eq.
FIG. 11. Fourier transform of the EXAFS oscillations (1) to obtain a best fit to the experimental défta.attice
|FTx(K)k®| vs distanceR from the Mn atom of the investigated Pparameters deduced from x-ray-diffraction data takef at
samples at different temperaturés In each panel the upper two =25 K by assuming the hexagonal MBi; structure were
curves are successively shifted upward by 0.05 for clarity. used as input parametéfsThermal broadening was taken

o
]

IFT y(k) K1

o

0.0

IFT x(k) 1

IFT 50 K1

R(A)
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TABLE I. Structural data of the first coordination shell obtained though the fit in Fig. 12 describes the data well and the
by fitting the parameters in E(L) to the experimental EXAFS data  interatomic distances around Mare in good agreement with
for T=5 K using scattering paths calculated seFre Center at-  the x-ray data, see Table |, the interatomic distances of the
oms: Mn and Mn, (left part of bond. N, coordination number; Vi, octahedra show a strongly anisotropic distortion. We
dxro . interatomic distance calculated from the lattice parametergmphasize that this result is independent of slight changes of
obtained from x-ray diffraction al =25 K; dexars, Interatomic  yhe stryctural parametgrdetermining the positions of atoms
distance obtained from the best EXAFS fit. All distances in ang-|ocated at the crystallographic §) sites. This is in contrast

strom. to the simple picture of a lattice expansion by the incorpora-
Mn<Si, film MNS1,Co 1 film tion of carbon. An anisotropic Qistortion of th_e structure by

Bond N . exars Ao devars carbon was also reported f(_)r |sostructuragS_I}C0.47 com-

pounds which were synthesized by arc melting and structur-

Mn,-Mn, 2 2.396 2.40 2.415 2.40 ally characterized by x-ray and neutron diffractf@nThis

Mn,-Si 6 2.422 2.44 2.434 2.45 result strongly suggests that the carbon is not an “inert”

Mn,-Mn,, 6 2952 296 2.967 297 interstitial atom but participates in the chemical bonding to

Mn,-C 2 203 1.91 Mn. We mention t_hat the fit could not be improved by con-

Mn,-Si 2 2 407 236 2416 240 S|der|qg a scenario where the octahedral site was partially

Mn,-Si 1 2505 249 2516 2.40  occupied by Si.

Mn,-Si 2 2653 2.61 2.672 2.81

Mn,-Mn, 2 2816 2.82 2.878 2.85 IV. SUMMARY

m:::m::' j ;:ggg ;:22 ;:gég ;:gs The enhanced carbon incorporation in §iC, films

prepared by magnetron sputtering at elevated substrate tem-
peratures gives rise to magnetic properties, characteristic for
a ferromagnet witif c= 352 K forx=0.75. This is due to an

into account by application of the correlated Debye m&del anisotropic modification of the local structure around the Mn
with a Debye temperaturé,=377 K’ The calculation was  sites by carbon, in particular at the octahedral positions, in
done by using a weighted set of scattering paths starting &lontrast to the simple picture of an isotropic lattice expan-
the Mn center atoms at the two different sites of symmetrygjon. In addition, the carbonization seems to have a positive
i.e., 0.4Mn+0.6Mn,. First, the data of the MyBiz film  effect on the thermodynamic stability against reaction with a
were fitted to obtain the local energy shif&'%"“=2.4 eV, silicon substrate.

E5'=0.2 eV. All coordination numbers were kept fixed and  We have shown that the formation of the M, C, phase

the interatomic distances were refined by correlation to onéakes place in a limited range of substrate temperatures be-
expansion coefficient. The best fit is plotted in Fig. 12 withtween 300 °C and 500 °C. This is in quantitative agreement
interatomic distanceslgxars given in Table . These data with previous reports on Mn/C/Si triple layéfsand C/Mn/
served as a reference for the fit of the §8iC, -5 data, C/Si multilayers:® This suggests that the ferromagnetic
where thekE, values were taken from the previous fit applied phase in the latter systems is akin to the ferromagnetic phase
to the Mn;Sis film. However, attempts to obtain a reasonablein the MrsSi;C, films investigated here.

result by either assuming a linear expansion of the lattice due
to the incorporation of carbon, or by taking an additional
broadeningog;s due to static disorder into account, or by
considering a reasonable change in the coordination numbers We thank M. Hagelstein and E. Dormann for several use-
were not successful. The best fit plotted in Fig. 12 was obful discussions and S. Laurent for performing the resistance
tained by using the interatomic distances as free parametenseasurements. This work was financially supported by the
instead of a correlation to one expansion coefficient. Al-Deutsche Forschungsgemeinschaft.
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